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lymph-borne pathogens and particulate
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robust T cell responses, much sooner and
independently of peripheral-tissue
migratory DCs.
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Upon infection, adaptive immune responses play
catch-up with rapidly replicating pathogens. While
mechanisms for efficient humoral responses to
lymph-borne antigens have been characterized, the
current paradigm for T cell responses to infections
and particulate vaccines involves delayed migration
of peripheral antigen-bearing dendritic cells (DCs)
to lymph nodes (LNs), where they elicit effector
T cell responses. Utilizing whole LN 3D imaging,
histo-cytometry, and intravital 2-photonmicroscopy,
we have identified a specialized population of DCs,
enriched in the LN-resident CD11b+ subset, which
resides within the lymphatic sinus endothelium and
scans lymph with motile dendrites. These DCs cap-
ture draining particles and present associated anti-
gens to T lymphocytes, inducing T cell responses
much sooner than and independently of migratory
DCs. Thus, strategic DC subset positioning in LNs
limits a potentially costly delay in generation of
T cell responses to lymph-borne antigens, contrib-
uting to effective host defense. These findings are
also highly relevant to vaccine design.
INTRODUCTION
Control of rapidly replicating microbial infections requires a fast,
effective, and tightly choreographed response by diverse innate
and adaptive immune cells. Infection of barrier tissues can lead
to rapid pathogen drainage into the lymphatic sinuses (LS) of
local draining lymph nodes (dLNs) (Gonzalez et al., 2010; Hick-
man et al., 2008; Junt et al., 2007; Kastenmu¨ller et al., 2012)
where the activity of strategically positioned innate cells, as
well as memory CD8+ T cells, limits further systemic dissemina-
tion (Kastenmu¨ller et al., 2013; Kastenmu¨ller et al., 2012; Sung
et al., 2012). In contrast, de novo adaptive immune responses
require multiple days for generation of large numbers of antigen
(Ag)-specific differentiated effector cells. To achieve timely re-
sponses, specialized mechanisms must be in place to ensure
efficient and rapid initiation of cellular activation following infec-172 Immunity 42, 172–185, January 20, 2015 ª2015 Elsevier Inc.tion. Consistent with this, CD169+ macrophages lining the LS
floor next to the B cell follicles capture and transfer lymph-borne
viruses, vaccine microparticles, and immune complexes to
closely juxtaposed B cells (Carrasco and Batista, 2007; Junt
et al., 2007; Phan et al., 2007). This transfer process is critical
for early B cell activation, as well as for delivering Ags to follicular
dendritic cells for continued humoral response development.
It is thus surprising that the current paradigm for de novo
generation of T cell-mediated adaptive immunity to peripheral in-
fections and particulate Ag vaccines dictates nearly exclusive
dependence on peripheral tissue-resident dendritic cells (DCs)
(Bachmann and Jennings, 2010; Hubbell et al., 2009; Lee and
Iwasaki, 2007). These cells capture tissue-deposited Ags and
after an extended period of time, 16 hr to 5 days depending on
the DC subset, migrate to draining LNs (dLNs) to elicit T cell re-
sponses (Itano et al., 2003; Kissenpfennig et al., 2005). However,
this slow pace of DC entry, coupled with the relatively low
precursor frequencies of naive Ag-specific T cells, would delay
generation of effective cell-mediated immunity. Moreover,
optimal humoral immunity requires spatiotemporally synchro-
nized CD4+ T cell responses for provision of critical survival
and differentiation signals to activated B cells (Crotty, 2014).
Exclusive T cell activation by late-arriving migratory DCs would
result in highly asynchronous and delayed CD4+ T cell priming,
as compared to the rapid CD169+ macrophage-mediated Ag
activation of B cells.
Thus, the current paradigm of particulate Ag presentation
exclusively bymigratory DCs seems a poor match for the tempo-
ral and functional requirements of productive adaptive immune
responses. An alternative hypothesis is that specialized mecha-
nisms exist for induction of early T cell activation to particulate
Ags. In support of this concept, T cell proliferation can be
induced in vitro by purified LN-resident DCs harvested several
hours after virus injection (Gonzalez et al., 2010; Lee et al.,
2009). Similarly, influenza or Leishmania major inoculation can
result in rapid Ag uptake by LN-resident CD11b+ DCs (Gonzalez
et al., 2010; Iezzi et al., 2006; Misslitz et al., 2004). Moreover,
alum, a classical peripheral tissue depot-forming adjuvant, can
also lead to early Ag uptake and major histocompatibility com-
plex class II (MHC-II) molecule presentation by LN-resident
DCs, as well as induce T and B cell responses independent of
migratory DCs (Hutchison et al., 2012).
How LN-resident DCs acquire such large particulate Ags is
not known, because these cells are typically considered to be
positioned deep in the LN paracortex (the T cell zone) and have
only been shown to sample small protein Ags from LN conduits
(Gretz et al., 2000; Sixt et al., 2005). Interestingly, using a quan-
titative imaging approach (histo-cytometry), we have recently re-
ported that a particular DC subset, the LN-resident CD11b+DCs,
is positioned in close proximity to the LS (Gerner et al., 2012).
Similarly, genetic DC reporters have demonstrated aminor pres-
ence of DCs in close proximity to the subcapsular sinus floor in
the interfollicular LN regions (Lindquist et al., 2004; Satpathy
et al., 2012). These observations raise the possibility that DCs
can directly sample particulate antigens from the LS lumen.
Here we have utilized a combination of advanced imaging
technologies, including whole LN 3D imaging, 2-photon intravital
microscopy (2P IVM), and histo-cytometry to directly investigate
particulate Ag-driven induction of T cell adaptive immunity. We
found that a specialized population of DCs resides within the
lymphatic endothelium and surveyed the lymph fluids with highly
motile dendrite projections. Importantly, these LS-associated
DCs (LS-DCs) efficiently captured particulate Ags from the LS
lumen, processed and presented associated Ags, and induced
T cell activation soon after Ag drainage to the LN, allowing
generation of effector T cell responses independent of migra-
tory DCs. These findings identify a previously uncharacterized
mechanism for rapid generation of T cell adaptive immunity
to lymph-borne pathogens and particulate vaccines and
provide further evidence that immune response optimization is
intimately dependent on micro-anatomical cellular organization
of lymphoid tissues.
RESULTS
Specialized DCs Reside within the LS Endothelial Lining
and Survey Luminal Lymph
We have previously observed large numbers of DCs in close
spatial proximity to both cortical and medullary sinuses of
steady-statemurine LNs (Gerner et al., 2012). Given this distribu-
tion, we considered the possibility that DCs in LNs may have the
ability to directly sample the LS luminal space. To investigate this
in detail, we conducted high-resolution confocal imaging of
cutaneous LNs from DC reporter animals (Itgax-YFP, commonly
known as CD11c-YFP). These imaging studies revealed that
many of the LS-proximal DCs appeared to directly penetrate
the luminal space with dendritic processes (Figure 1A). As LS
have a highly complex branched organization with many con-
necting and blunt-ended passages, interpretation of standard
thin section-based imaging can be difficult (Grigorova et al.,
2010). To better understand the association of DCs with the
LS, we performed 3D imaging of tissue-cleared whole skin-
draining LNs. As expected, most DCs were distributed in the
deep central LN cortex (T cell zone) (Movie S1, part I). However,
we also found a substantial population of DCs tightly juxtaposed
to subcapsular, cortical, andmedullary LS vessels, often forming
clusters that closely tracked the LS structures in 3D space (Fig-
ure S1A, Movie S1, part I).
These LS-proximal cells could either represent a specialized
population of LS-associated DCs (LS-DCs) or transitional migra-
tory DCs en route to the deep LN center. To investigate this rela-
tionship further, we performed dynamic 2P IVM of Itgax-YFP
popliteal LNs after subcutaneous (s.c.) injection of a fluorescentlymph tracer and a CD169-PE antibody (Ab) to label CD169+
macrophages, which can also express low amounts of CD11c.
We also visualized the collagen-rich LN capsule via second
harmonic signal detection. This approach revealed that the LS
within the cortico-medullary transitional and interfollicular re-
gions contained many CD11chiCD169 cells that did not change
their cell body position over time, suggesting they represented
LN-resident and not migratory DCs (Figure 1B; Movie S1,
part II). Similar observations were made in inguinal LN medullary
sinuses (Figure S1B; Movie S1, part III). Many of these
DCs appeared to be directly integrated into the LS floor, local-
ized between CD169+ follicle-associated macrophages with
dendrite-like luminal projections and large, rounded medullary
macrophages residing in the luminal space (Figure 1B). More-
over, these LS-DCs extended highly motile dendritic processes
directly into the LS lumen and appeared to actively scan the sur-
rounding lymph fluids (Movie S1, part II). Time projection analysis
demonstrated that over the course of several minutes these den-
drites effectively surveyed most of the proximal luminal space
(Figure S1C).
To determine whether these LS-DCs were directly integrated
within the endothelial lining of the LS floor, we created Itgax-
YFP donor:Actb-CFP recipient bone-marrow chimeras, in which
both DCs and the lymphatic endothelial cells could be visualized.
We observed numerous YFP+ LS-DCs localized in the gaps
between neighboring CFPBRIGHT lymphatic endothelial cells
and extending dynamic dendritic processes directly into the
LS lumen (Figure 1C; Movie S1, part IV). Furthermore, collagen
IV staining revealed that the basement membranes (BMs)
surrounding the LS endothelium were highly fenestrated as
compared to the smooth BMs surrounding the high endothelial
venules (HEV) (Figure S1D; data not shown), as previously
described (Ohtani et al., 2003). Many of the LS-DC dendrites
extended into the luminal space directly through these BMopen-
ings (Figure 1A, top right; Figure S1D). Collectively, these obser-
vations indicated that a population of DCs resides within the LS
floor of the interfollicular zones, cortico-medullary junctions, and
medullary regions and effectively scans the lymphatic fluids with
highly motile dendrite projections.
Phenotypic Characterization of LS-DCs
Utilizing histo-cytometry, we have previously observed that
different DC subsets preferentially inhabit distinct LN subregions
(Gerner et al., 2012). Consistent with this earlier study, we again
found that LS proximal regions are predominantly occupied
by LN-resident CD11b+ DCs, although a small fraction of the
migratory and LN-resident CD8a+ DC populations can also be
found in these areas (Figures 2A and 2B; Figure S2A). These find-
ings indicated that LS-DCs are enriched in the LN-resident
CD11b+ population. We used live imaging to extend these
observations, taking advantage of the fact that large proteins
(R70 kDa) do not enter the LN conduits and remain trapped
within the LS luminal lymph (Gretz et al., 2000). Thus, s.c. Ab in-
jection (150 kDa for an immunoglobulin [IgG] molecule) should
lead to rapid antibody drainage and predominant labeling of
cells directly exposed to the LS lumen. Indeed, injection of a
fluorescently labeled MHC-II Ab with detection by 2P IVM
demonstrated robust labeling of LS-proximal CD11c+ cells,
with poor staining of deep parenchymal CD11c+ cells andImmunity 42, 172–185, January 20, 2015 ª2015 Elsevier Inc. 173
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Figure 1. Visualization and Identification of LS-DCs
(A) Itgax-YFP inguinal LN sections were stained with Collagen IV and imaged by confocal microscopy. Zoom-in panels demonstrate areas enriched with DCs in
direct association with the LS, with the LS endothelial floor highlighted by arrows and the areas where LS-DC dendrites traverse the LS basement membrane
fenestrations indicated by asterisks.
(B) Itgax-YFP animals were injected s.c. with a CD169-PE Ab and Qdot-705 for lymph labeling and imaged by 2P IVM, with different LN regions (B cell zones, B;
Medulla, M) highlighted with dashed colored lines. Zoomed-in panel demonstrates a transitional zone between a B cell follicle and medulla that is enriched in LS-
DCs, denoted by arrows.
(C) Itgax-YFP donor: Actb-CFP recipient bone-marrow chimeric animals were injected with CD169-PE and Qdot-705 s.c. and intravitally imaged. Zoomed-in
panels demonstrate DCs in between LS stromal cells (arrows). Images represent at least three independent experiments. Scale bars denote 200 mm. See also
Figure S1 and Movie S1.peripheral CD169+ macrophages (Figure S2B; Movie S2, part I).
To phenotype the LS-DCs, we next injected a CD11b Ab, along
with a CD169 Ab, to stain the macrophages that also express
CD11b. We observed very bright CD11b labeling of macro-
phages and at least some of the CD11c+ LS-DCs (Figure S2C;
Movie S2, part II). To clearly visualize DC-specific CD11b stain-
ing, we examined the CD11b signal within the CD169-CD11c+
DC voxels (Gerner et al., 2012). We observed a pronounced
colocalization of the CD11b staining with a large majority of
LS-proximal DCs, although as expected some CD11c+ were
CD11b (Figure S2C; Movie S2, part II).
To quantitatively phenotype LS-DCs by a complementary
technique, we s.c. injected aCD45 Ab to label all lymph-exposed
hematopoietic cells and after 10 min isolated and analyzed dLN174 Immunity 42, 172–185, January 20, 2015 ª2015 Elsevier Inc.by flow cytometry. We observed that some of the LN-resident
DCs were brightly stained with CD45, with the CD11b+ popula-
tion being selectively enriched in the labeled DC fraction (Fig-
ure 2C). Although CD8a+ and migratory DCs were also stained,
they were not enriched in the labeled fraction, indicating that
these populations were not preferentially localized to the LS re-
gions. Further, pDCs were largely excluded from such LS label-
ing, consistent with the previous descriptions of pDCs having a
more centralized LN localization (Iannacone et al., 2010).
This intravital labeling method also allowed us to more exten-
sively characterize the LS-DCs with respect to the expression
of various molecules commonly associated with normal DC
function. We found that LS-DCs expressed CD40, CD86, and
CD80 co-stimulatory molecules to a similar extent as normal
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Figure 2. Phenotypic Characterization of LS-DCs
(A) Cutaneous LN were stained with the indicated Abs, imaged, and processed for histo-cytometry (see Figure S2 for details). Quantitative histo-cytometry DC
subset gating is presented.
(B) Histo-cytometry analysis of DC subset (colored dots) positioning in LNwith respect to the LS (density plot overlay) is shown (left). DC subset distances from the
LS are presented, with numbers indicating the percent of cells located farther than 50 mm (dashed line) from the LS (right).
(C) CD45.2-PE Ab was injected in the ear skin and auricular dLNs were isolated 10 min later for flow cytometric analysis. A representative plot of CD45.2-PE
labeling of LN-resident DCs (CD11cHIMHC-IIINTB220CD3CD19NK1.1) in dLN versus non-draining LN (nLN) is presented, with numbers representing percent
of cells in the respective quadrants (left). Frequency of the indicated DC subsets within the total versus labeled DCs is shown (right).
(D) The geometric mean intensity of Ab staining for the indicated surface molecules was quantified on various DC populations and compared to the CD45-PE
-labeled LN-resident DCs (LS-DC).
(E) 40 nm fluorescent beads plus CPGwere injected intra-dermally and dLNswere isolated for flow cytometric analysis 5 hr later. Fold change in expression of the
indicated markers over the average expression in non-inflamed nLN was quantified. Data represent at least two independent experiments, with error bars
representing SD. See also Figure S2 and Movie S2.LN-resident DCs (Figure 2D). Furthermore, by using non-digest-
ible fluorescent microspheres for means of long-term tracking
of LS-DCs by flow-cytometry (see Figure 3A), we found that
injection of a Toll-like receptor (TLR)-agonist induced a robust
increase in co-stimulatory and MHC-II molecule surface expres-sion on LS-DCs, suggesting that these cells were fully capable of
responding to inflammatory triggers (Figure 2E). LS-DCs demon-
strated the greatest increase in the expression of these mole-
cules, indicating that the unique positioning of LS-DCs might
expose these cells to the highest concentrations of lymph-borneImmunity 42, 172–185, January 20, 2015 ª2015 Elsevier Inc. 175
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Figure 3. LS-DC Mediated Uptake of Particulate Ags
(A) 40 nm fluorescent beads were injected in the ear skin and dLNs were isolated for flow cytometric analysis 30 min later. Bead uptake by resident CD11b+ and
CD8a+ DCs in control nLN versus dLN is shown, with numbers representing percent of cells in the bead-positive gate (top). Analysis of the frequency of the
indicated DC subsets within the total DCs versus bead-positive DCs is presented (bottom).
(B) Itgax-YFP popliteal LNs were imaged by 2P IVM after footpad injection of 1 mm fluorescent beads. Tiled cross-sections of dLNs before and after injection are
shown (left). Time-lapse images from two independent movies (Side View versus En Face View) demonstrating bead capture by LS-DCs are presented (right).
(legend continued on next page)
176 Immunity 42, 172–185, January 20, 2015 ª2015 Elsevier Inc.
inflammatory agents. Collectively, these experiments demon-
strate that the LS-sampling DCs are selectively enriched in the
bona fide CD11b+ LN-resident DC population and can be readily
activated by material draining in the afferent lymph.
LS-DCs Efficiently Capture Vaccination-Derived
Particulates and Lymph-Borne Microbial Pathogens
The preceding findings suggested that LS-DCs might be
capable of capturing lymph-borne particulate Ags from the LS
lumen. To test this hypothesis, we injected small fluorescent mi-
crospheres (40 nm diameter, approximating small viruses in size)
and analyzed dLNs by flow cytometry. Similar to antibody-based
in vivo labeling, we found that some DCs efficiently acquired the
injected particles, with predominant CD11b+ LN-resident and
some migratory DC enrichment in the bead-positive fraction
(Figure 3A). This was in contrast to the uptake of the beads by
a minority of CD8a+ DCs or the relative exclusion of pDCs
from the bead-containing fraction. We performed additional ex-
periments using larger microspheres (200 nm diameter) with
visualization by confocal microscopy and also observed bead
drainage and uptake by LS-proximal DCs (data not shown). As
larger particulates are not generally considered to efficiently
enter the lymphatic vessels in peripheral tissues, the observed
drainage could potentially be attributed to excessive interstitial
hydrodynamic forces created after rapid injection of large vol-
umes of fluid (Bachmann and Jennings, 2010). To address
whether particulate drainage is dependent on injection-induced
hydrodynamic fluxes, we applied a small aliquot of the bead
solution epicutaneously and used a thin needle to scarify the
skin, thereby imitating common cutaneous injuries. Similar to
what was observed with s.c. injection, we observed robust
particulate drainage into the dLNs shortly after scarification, as
well as efficient uptake of these microspheres by LS-DCs
(Figure S3A).
The uptake of lymph-borne particles by LS-DCs can result
from either direct luminal capture or indirect transfer from the
neighboring macrophages. To examine these possibilities, we
performed 2P IVM of Itgax-YFP popliteal LNs immediately after
footpad injection of even larger fluorescent microspheres (1um
diameter, approximating bacteria in size), an approach that
also permits dynamic single particle tracking with 2P IVM. We
observed very rapid (seconds to minutes) particulate drainage
into the dLN sinuses, with beads quickly trapped within the
various LS phagocytes. Importantly, we could observe direct
particle engulfment by the motile dendrites of LS-DC, with the
beads transferred deeper into the cell body over time (Figure 3B;
Movie S3, part I). As expected, B cell follicle-associated CD169+
macrophages also captured the particles and in some cases
translocated the beads into the B cell zones (Figure S3B). How-
ever, obvious particulate hand-off from the macrophages to LS-(C) 4 hr after 1 mm bead immunization, dLNs were excised for whole LN 3D ima
(25 mm) from the dLN center versus periphery were examined for bead capture by
panels with arrows (right).
(D) Ears were painted with fluorescent heat-killed S. aureus and scarified. dLNs
S. aureus-positive LS-DCs with arrows.
(E) Itgax-YFP animals were infected with P. aeruginosa-GFP in the footpad and
infection by LS-DCs is demonstrated (arrows). Data are representative of at lea
denote 200 mm and 10 mm (B right, E). See also Figure S3 and Movie S3.DCs was not observed, especially considering that these cells
were spatially segregated, with densest LS-DC aggregation
and macrophage exclusion in inter-follicular and cortico-medul-
lary transitional regions (Movie S3, part I; Figure S1A). Moreover,
2P IVM and whole LN 3D reconstruction demonstrated that the
particles were predominantly captured by either the medullary
macrophages or LS-DCs with only a minor contribution of the
B cell follicle associated CD169+ macrophages (Figure 3C;
Movie S3, part I). This is in line with reported poor phagocytic ca-
pabilities of CD169+ macrophages (Phan et al., 2007).
Studies from our laboratory, as well as other laboratories, have
demonstrated rapid viral and bacterial drainage into the dLN LS,
suggesting that LS-DCs might also sample microbial Ags during
infection (Gonzalez et al., 2010; Hickman et al., 2008; Junt et al.,
2007; Kastenmu¨ller et al., 2012). Indeed, s.c. injection of fluores-
cently labeled Escherichia coli (data not shown) and Staphylo-
coccus aureus (S. aureus) bioparticles led to robust drainage
and uptake by LS-DCs (Movie S3, part II). Scarification-based
S. aureus inoculation also lead to drainage and LS-DC mediated
uptake, suggesting that these processes can occur during com-
mon infections that involve breaches of the peripheral skin or
mucosal barriers and that are independent of injection-induced
hydrodynamic fluxes (Figure 3D). Finally, 2P IVM imaging of a
live Pseudomonas aeruginosa (P. aeruginosa) infection demon-
strated robust microbial drainage and rapid bacterial capture
by LS-DCs (Figure 3E; Movie S3, part III). Together, these find-
ings demonstrate that LS-DCs directly acquire lymph-borne
microbial and immunization-derived particulates from the LS
lumen, suggesting potential relevance of this Ag-acquisition
pathway for host defense and vaccination.
LS-DCs Initiate Rapid Activation of CD4+ and CD8+
T Cells
To examine whether such particulate Ag capture by LS-DCs
leads to productive MHC presentation and induction of T cell
responses, we covalently conjugated OVA protein to 1 mm mi-
crospheres and s.c. immunized animals that were previously
transferred with labeled OVA-specific TCR-transgenic naive
CD4+ (OT-II) and CD8+ (OT-I) T cells. Eight hours after immuniza-
tion, prior to arrival of migratory DCs, we isolated dLNs and per-
formed whole LN 3D imaging. As before (Figure 3C), most
drained beads were densely concentrated within the interfollicu-
lar zones and cortico-medullary junctions that are enriched in
LS-DCs. Importantly, we observed that some of the T cells
formed very tight clusters around the location of OVA-beads,
suggesting that Ag-presentation and T cell activation was taking
place (Figure 4A; Movie S4A, part I). Furthermore, we observed
that CD4+ OT-II T cells mostly clustered separately from CD8+
T cells and formed approximately three times as many clusters
overall (Figure S4A). A small minority of the clusters was notging, presented as a maximum projection 3D view (left). Virtual thick sections
various phagocytes, with bead-positive LS-DCs highlighted in the zoomed-in
were isolated 1 hr after, stained and imaged, with the insets demonstrating
dLN were imaged using 2P IVM. Capture of individual bacteria within 4 min of
st two independent experiments, with error bars representing SD. Scale bars
Immunity 42, 172–185, January 20, 2015 ª2015 Elsevier Inc. 177
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Figure 4. Rapid T Cell Activation by LS-DCs
(A) C57BL/6mice previously transferredwith labeled OT-I andOT-II T cells were immunized in the footpadwith OVA-beads along with a Lyve-1 Ab to label the LS.
dLNs were isolated for 3D whole LN imaging 8 hr later (left). Insets demonstrate T cell clusters formed around OVA-beads (arrows) within the indicated regions
(right).
(B) OT-I and OT-II T cells were transferred into Itgax-YFP hosts, followed by immunization with OVA-beads and imaging by 2P IVM. Time-lapse images from a
single movie demonstrating a stable T cell cluster around a bead-bearing DC (arrow) located in proximity to the LS (dashed line) are presented.
(C) Individual OT-I, OT-II, and non-specific control T cells within a single experiment were analyzed for relative track displacement andmean cellular velocity over
the duration of imaging.
(D) All conducted 2P IVM experiments were analyzed for mean velocity and frequency of stopped cells (%4 mm/min) within the indicated cell populations. Data are
representative of at least two independent experiments. Scale bars denote 200 mm (A) and 50 mm (B). See also Figure S4 and Movie S4.bead-associated, indicating a potential contribution of proteo-
lytic protein cleavage or Ag handoff between cells (Allan et al.,
2006; Catron et al., 2010). Finally, the majority of detected clus-
ters were in close proximity to the LS, localized within 100 mm of
the inter-luminal space, indicating that LS-DC mediated Ag cap-
ture, MHC processing, and T cell activation are spatially linked
processes (Figure S4B).
To further examine the dynamics of these events in vivo, we
employed 2P IVM to examine T cell motility changes in response
to OVA-bead immunization in DC- reporter animals. Within 4–
6 hr after immunization, we observed a significant reduction in178 Immunity 42, 172–185, January 20, 2015 ª2015 Elsevier Inc.OT-I and OT-II T cell velocity and track displacement in areas
proximal to the bead-containing LS-DCs, as compared to Ag-
nonspecific polyclonal or TCR transgenic control CD4+ T cells
(Figures 4C and 4D; Movie S4, part II). Further, we frequently
observed long-lasting individual T cell contacts with LS-DCs
and formation of discrete T cell clusters around OVA-bead-con-
taining DCs (Figure 4B; Movie S4, part II). In accord with the total
number of clusters of each T cell subset per LN (Figure S4A),
CD4+ OT-II T cells displayed significantly slower velocities and
had a higher frequency of stopped cells as compared to the
CD8+ OT-I T cells (Figure 4D).
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Figure 5. Phenotypic Characterization of T Cell Cluster-Associated DCs
(A) OT-I and OT-II T cell-transferred animals were immunized in the footpads with OVA-beads. 6.5 hr later, dLNs were isolated and analyzed by histo-cytometry to
phenotype DCs in physical association with OT-I or OT-II T cell clusters versus all imaged DCs. Scale bar denotes 10 mm.
(B) The total number of detected OT-I and OT-II clusters is shown.
(C) The frequencies of LN-resident MHCINTCD8+CD205+ versus MHCINTCD11b+CD205 DCs associated with OT-I versus OT-II clusters or all imaged DCs were
analyzed in different dLNs. Data are representative of two independent experiments, with error bars representing SEM. See also Figure S5.Distinct DCSubsets Elicit Early CD4+ Versus CD8+ TCell
Priming
The formation of relatively homotypic CD4+ T cell clusters
suggested activation by a population of DCs specialized in
MHC-II Ag processing. Previous ex vivo and whole-body DC
perturbation studies have found CD11b+ DC to excel at
MHC-II presentation (Merad et al., 2013), which is in direct
accord with our observations of LS-DCs being enriched in
LN-resident CD11b+ DCs and the significantly greater CD4+
versus CD8+ T cell activation (Figure 2; Figures 4C and 4D;
Figure S4B). To examine directly which DC populations
contribute to CD4+ T cell activation, we utilized histo-cytometry
to phenotype the DCs in physical contact with the induced
T cell clusters (Figure S5). As before, OT-II CD4+ T cells were
significantly better at clustering following particulate OVA
immunization (Figure 5B). Importantly, we observed that OT-II
clusters were predominantly in contact with MHC-IIINT CD11b+
CD205CD8 DCs, indicating CD4+ T cell activation by the LN-
resident CD11b+ subset. In contrast, the few observed OT-I
clusters were primarily associated with MHC-IIINT CD8+
CD205+CD11b DCs (Figures 5A and 5C), previously demon-
strated to specialize in MHC-I Ag processing (Merad et al.,
2013).LN-Resident DCs Are Sufficient for Early Adaptive
Immune Response Generation
LN-resident DCs have been reported to be insufficient for gener-
ating productive T cell responses to protein Ags (Allenspach
et al., 2008; Itano et al., 2003). We thus investigated whether
the observed early T cell activation to particulate Ags by LS-
DCs can lead to cellular expansion and functional effector differ-
entiation independent of migratory DCs. For this, we immunized
via both ears using scarification with OVA-beads plus CpG as an
adjuvant, and 45–60min later excised one of the ears, leaving the
contralateral side intact (Figure S6A). Such rapid removal of the
immunization site effectively prevents movement of local tissue-
resident migratory DC into the dLNs (Itano et al., 2003). Four
days after immunization, we isolated the LNs draining both
excised and intact sides and assessed T cell responses gener-
ated in the presence (Site Intact) or absence (Site Removed) of
migratory DCs (Figure S6A). As expected, site-removal led to a
significant reduction in the total number of recovered bead-con-
tainingmigratory DCs (Figure S6B). The number of bead-positive
resident DCs and CD11cCD11b+ macrophages was also
reduced, indicating that particle drainage can occur after the
initial 45–60 min and/or that Ag can be transferred between
migratory and resident DC populations (Allan et al., 2006).Immunity 42, 172–185, January 20, 2015 ª2015 Elsevier Inc. 179
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Figure 6. LS-DCs Are Sufficient for Generating Adaptive Immune Responses to Particulate Ags
0.753 106 eFluor670-labeled (A), or 13 104 unlabeled (B–E) OT-I.GFP andOT-II T cells were transferred into recipient CD45.1+mice, whichwere then immunized
with OVA-beads plus CpG via ear scarification. 45–60 min later, one of the ears was surgically removed. Auricular LNs draining the intact and removed im-
munization sites were isolated 4 days later and T cells were analyzed for (A) proliferation [eFluor670 dye dilution] and (B) clonal expansion.
(C) Average cellular recovery for transferred T cells across all conducted experiments (connected with lines) is shown (left). Ratio of the average T cell recovery in
removed-ear to intact-ear dLNs was calculated across all conducted experiments (right).
(D) T cells were re-stimulated ex vivo and analyzed for the percent IFN-g and IL-2 producing cells. Frequency of CD25+ non-restimulated T cells is shown for one
representative experiment.
(E) Frequency of CXCR5HIPD-1HI OT-II T cells 7 days post immunization is shown.
(F) 13 104 OT-II T cells were transferred into recipient mice, which were then immunized with OVA-beads plus CpG in both ears. 60 min later, some of the mice
had both ears removed. Serum amounts of anti-OVA IgG antibodies were quantified at the indicated time points.
(G and H) Animals were immunized with heat-killed P. aeruginosa in both ears (Imm-intact) and 60 min later some of the animals had both ears removed (Imm-
removed). One week later, mice were challenged with live P. aeruginosa in the footpad and total numbers of (G) IFN-g and tumor necrosis factor alpha-producing
CD4+CD44+ and CD8+CD44+ in dLN, as well as (H) P. aeruginosa colony forming units (CFU), in dLN and spleens were quantified 24 hr after challenge. Data are
representative of at least two independent experiments, with error bars representing SD. See also Figure S6.Importantly, we observed that within 4 days after immunization
OT-II CD4+ T cells underwent extensive proliferation regardless
of the presence or absence of migratory DCs (Figure 6A). Similar
results were also observed for OT-I T cells, indicating that180 Immunity 42, 172–185, January 20, 2015 ª2015 Elsevier Inc.the relatively minor early T cell clustering reported above can
also result in meaningful responses. Reducing the T cell transfer
numbers to more closely match physiological endogenous T cell
frequencies also demonstrated little influence of migratory DCs
on T cell expansion in individual experiments (Figure 6B). Never-
theless, a trend toward diminished T cell responses in the
absence of migratory DCs was observed when average cell
recovery was compared across all conducted experiments (Fig-
ure 6C). In addition, LN-resident DCs were sufficient for inducing
early functional T cell differentiation, as determined by restimula-
tion-induced effector cytokine production and expression of
activation-associated surface markers in the absence of migra-
tory DCs (Figure 6D; Figure S6C). In one of three independent ex-
periments, we observed a significant diminution of interferon-g
(IFN-g) and interleukin-2 (IL-2) production by OT-II T cells, as
well as a consistent reduction in OT-I T cell CD25 expression
in draining LNs lacking migratory DCs.
We then assessed whether the early particulate drainage and
LN-resident DC-mediated T cell activation were sufficient for
development of productive humoral responses. Seven days after
OVA-bead plus CPG immunization and site removal, we found a
substantial frequency of OT-II T cells expressing CXCR5 chemo-
kine receptor and programmed death-1 (PD-1), markers associ-
ated with T follicular helper cell lineage (Crotty, 2014), although
some decrease as compared to the site-intact group was
observed (Figure 6E). Importantly, site-removed immunized ani-
mals developed significant serum titers of anti-OVA IgG anti-
bodies, suggesting productive class-switching and antibody
secretion by the responding B cells (Figure 6F). Mice with intact
immunization sites generated even greater antibody titers, sug-
gesting that continued Ag drainage (Figure S6B) and/or migra-
tory DC-mediated late T cell priming can amplify humoral im-
mune responses.
To test whether such LN-resident DC driven immunity was
protective against a pathogen challenge, we immunized mice
with heat-killed P. aeruginosa (Kondratieva et al., 2000) and
removed the immunization site within 60 min in some of the
mice. Seven days later, we challenged the animals in a distal
s.c. site with live bacteria and 24 hr later measured the cellularity
and cytokine production of polyclonal and endogenous T cells,
as well as the resultant pathogen burden. We found that LN-resi-
dent DCs in the absence of migratory DCs (Imm-removed) were
able to generate robust effector CD4+ and CD8+ T cell recall
responses (Figure 6G), as well as provided nearly sterilizing im-
munity in both dLNs and spleen (Figure 6H). Collectively, these
findings indicate that LN-resident DCs are sufficient to generate
protective adaptive immune responses, although migratory DCs
can augment proliferation and final effector T cell programming
under some conditions, as previously demonstrated for soluble
proteins and injected DCs (Celli et al., 2005; Itano et al., 2003).
Functional Requirement of LS-DCs for Optimal
Generation of T Cell Responses to Particulate Ags
These experiments demonstrated that LN-resident DCs are
sufficient for inducing early T cell proliferative and effector re-
sponses to particulate Ags. To test whether LS-DCs are neces-
sary for such rapid T cell activation, we utilized the recently
described Zbtb46-DTR mouse model that allows for selective
depletion of classical DCs (Meredith et al., 2012). We found
that footpad injection of a very low dose (0.5 ng) of diphtheria
toxin (DTX) induced selective depletion of LS-proximal DCs after
24 hr in the draining popliteal LN without influencing the deeper
parenchymal DCs (Figure 7A) or cells in the non-dLNs (data notshown). Some loss of the CD169+CD11c follicle-lining cells
was observed with this treatment. Importantly, low dose DTX
treatment did not alter the overall DC cellularity in popliteal
LNs, but markedly reduced the ability of footpad injected
CD45 Ab to stain LN-resident DCs (Figure S7B). In contrast to
the 0.5 ng dose, higher doses of DTX resulted in loss of paren-
chymal DC morphology, elicited an influx of inflammatory
CD11b+ cells (Meredith et al., 2012), and caused a substantial
loss of CD169+ macrophages (Figure S7A). To determine
whether the 0.5 ng low-dose DTX treatment selectively influ-
enced the LS-DCs or more broadly affected LN DC function,
we tested the functional capacity of DTX treated animals to elicit
T cell responses to soluble OVA (OVA-sol). This protein is below
the 70 kDa threshold for LN conduit entry and thus should permit
Ag uptake andMHCpresentation by the deep parenchymal DCs.
Indeed, OVA-sol generated equivalent OT-I and OT-II responses
regardless of DTX treatment, suggesting that deep parenchymal
DCs were still functional (Figure 7D).
We then tested the requirement of LS-DCs to generate T cell
responses to particulate Ags using OVA-beads. DTX treatment
resulted in a significant reduction in T cell clustering 8–10 hr after
immunization (Figure S7C). Moreover, loss of LS-DCs resulted in
a substantial decrease in T cell proliferation and expression of
CD25 by the T cells over the first several days after OVA-bead
plus CpG immunization (Figures 7B and 7C). Furthermore, OT-I
and OT-II T cell clonal expansion was significantly reduced in
DTX-treated dLNs four and a half days after immunization (Fig-
ure 7D). Diminished T cell clonal expansion was observed across
all conducted experiments, suggesting a major role of LS-DCs in
eliciting CD4+ and CD8+ T cell responses to particulate Ags (Fig-
ure 7E). Similarly, a significant decrease in total number of IFN-g-
and IL-2-producing effector OT-I and OT-II T cells was observed
after DTX treatment (Figure S7D). Intriguingly, we consistently
observed that in the absence of DTX, OT-I, and OT-II T cells re-
sponded differentially to soluble versus particulate OVA, with
greater OT-II expansion to particulate OVA and better OT-I re-
sponses to soluble OVA (Figure 7F). These findings suggest
that Ag formulation alone might selectively target distinct DC
subsets and influence resultant adaptive immune responses.
Collectively, these data indicate that LS-DCs are necessary for
optimal generation of early adaptive immune responses to par-
ticulate Ags.
DISCUSSION
T cell responses are essential for long-term defense against in-
fections, for protection after vaccination, and for promoting hu-
moral immunity. DCs foster T cell activation by processing and
presenting captured foreign Ags on MHC molecules in the
context of costimulatory molecules and inflammatory cytokines
(Merad et al., 2013). Previous studies have demonstrated that
LN-resident DCs can capture small soluble proteins from the
conduit network of dLNs and induce rapid T cell activation (Itano
et al., 2003; Sixt et al., 2005). Here we have demonstrated that a
subset of LN-resident DCs resides within the LS endothelial lin-
ing and scans lymphatic fluids by extending highly motile pro-
cesses into the LS luminal space. These LS-DCs efficiently
captured lymph-borne particulate Ags, including infectious bac-
teria and injectedmicrospheres of various sizes. Importantly, thisImmunity 42, 172–185, January 20, 2015 ª2015 Elsevier Inc. 181
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Figure 7. LS-DCs Are Necessary for Early T Cell Immune Responses to Particulate Ags
(A) Zbtb46-DTR animals were injected with PBS versus 0.5 ng DTX in contralateral footpads and dLNs were analyzed for morphological changes in LS-DCs
versus centrally positioned DCs 24 hr later. Scale bars denote 250 mm.
(B–F) Zbtb46-DTRmice were transferred with OT-I and OT-II T cells, treated with PBS or 0.5 ng DTX in the contralateral footpads, and 1 day later immunized with
OVA-beads and CpG, or OVA-sol and CpG (D–F), in both footpads. (B and C) OT-II proliferation and CD25 expression at indicated time points were assessed. (D)
T cell clonal expansion 4.5 days after immunization was quantified. (E) Ratio of the average T cell recovery in DTX-treated to PBS-treated dLNs was calculated
across all conducted experiments. (F) Ratio of average T cell recovery in PBS-treated OVA-bead versus OVA-sol immunized dLNs across all experiments is
shown, with p values indicating difference from a value of 1. Data are representative of at least two independent experiments, with error bars representing SD in
(C) and SEM in (E) and (F). See also Figure S7.direct sampling of the draining lymph led to very early T cell acti-
vation, generation of differentiated effector T cell responses, and
elicitation of protective immunity largely independent of late-
arriving migratory DCs.
Such early adaptive responses might allow for enhanced
protection from a variety of peripheral tissue infections, espe-
cially considering the exponential replicative rates and short
division cycles of most pathogens. It is important to note
that our studies do not argue against a contribution of migra-
tory DCs to optimal adaptive immune responses, as these
DCs have been demonstrated to play critical roles in infections
with high peripheral tissue tropism (Allan et al., 2006; Igya´rto´
et al., 2011; Lee et al., 2009). Indeed, we observed some
reduction in T cell and humoral responses in the absence of
migratory DCs. Instead, our findings indicate existence of a
specialized mechanism for lymph surveillance directly within182 Immunity 42, 172–185, January 20, 2015 ª2015 Elsevier Inc.LNs, which allows for generation of T cell immunity to lymph-
borne particulate Ags that are too large to enter the relatively
restrictive conduit network and for this to occur before migra-
tory DCs can contribute to the response.
Our findings also indicate that LS-DCs are strategically posi-
tioned to allow for an efficient and rapid generation of adaptive
immune responses to particulate Ags. Interfollicular and cor-
tico-medullary transitional regions are highly enriched in HEVs
and fibroblastic reticular cells and are sites of both T cell LN entry
and exit (Baje´noff et al., 2007). LS-DC positioning within these
zones is likely to reduce the search times required for relatively
rare naive T lymphocytes to find their cognate-Ag bearing LS-
DCs, consistent with previous observations of the location of
T-DC clusters (Baje´noff et al., 2003). In a similar vein, manymem-
ory CD8+ T cells and several innate lymphoid populations prefer-
entially localize to these peripheral regions. During lymph-borne
microbial infections, activated CD169+ macrophages induce
robust effector activity within these cells, thereby limiting further
microbial dissemination (Kastenmu¨ller et al., 2013; Kastenmu¨ller
et al., 2012; Sung et al., 2012). It is thus likely that LS-DCs
are also involved in rapid alert of such effector cells during infec-
tion. Moreover, the high degree of LS-DC proximity to B cell fol-
licles likely promotes spatiotemporal synchronization of T and B
cell responses, allowing activated CD4+ T cells to rapidly relo-
cate to the T-B border and provide help to activated B cells
(Crotty, 2014). It is also of interest to note the parallels between
activation of T cells by lymph-borne Ag captured and processed
by LS-DC and activation of B cells by Ag acquired by CD169+
macrophages. Finally, LS-DCs have the potential for direct Ag
transfer to interacting B cells, as previously demonstrated for
transferred and LN-resident DC populations (Gonzalez et al.,
2010; Qi et al., 2006). It is important to note that in our hands
many CD169+ macrophages were depleted after s.c. DTX treat-
ment of Zbtb46-DTR animals, making this specific model prob-
lematic for studying LS-DC involvement in B cell activation.
Such depletion is consistent with the observation that a propor-
tion of CD169+ cells might be of the DC lineage (Satpathy et al.,
2012).
Our studies indicate that LS-DCs are enriched in the LN-resi-
dent CD11b+ DCs. Previous ex vivo priming and whole-body DC
subset deficiency studies have indicated that this subset excels
at MHC-II Ag processing and presentation (Merad et al., 2013).
Here, the use of histo-cytometry has allowed us to provide direct
in vivo evidence for functional specialization of CD11b+ LS-DCs
in inducing early CD4+ T cell clustering and activation. It is impor-
tant to note that these early clusters are not necessarily reflective
of subsequent T-DC interactions occurring at later stages of
the immune response that contribute to optimal effector T cell
programming (Celli et al., 2005). Similarly, the CD8+ T cell recruit-
ment to CD4+ T cell-primed DCs, shown necessary for provision
of help and formation of functional CD8+ T cell memory, is
likely to occur at later time points of the immune response
after activated CD4+ T cells have had the chance to induce che-
mokine production by DCs (Castellino et al., 2006; Hugues et al.,
2007).
The high degree of LN-resident CD11b+ DC enrichment within
the LS-sampling DCs does not signify exclusivity, as most DC
populations can be labeled to some extent by s.c. injected Ab
and acquire (directly or indirectly) injected particles. Indeed, a
small population of CD8a+ DCs can acquire particulate Ags
and induce CD8+ T cell responses. However, it is also possible
that optimal CD8+ T cell responses require Ag relay, with hand-
off of captured particulates between the peripheral CD11b+
LS-DCs and centrally positioned CD8a+ DCs, as previously re-
ported for migratory DC populations (Allan et al., 2006). Of
note, although the early CD8+ T cell activation to particulate
Agswasminimal, their division and clonal expansion quickly out-
paced the CD4+ T cells, consistent with previous observations of
differential CD4+ versus CD8+ T cell response kinetics (De Boer
et al., 2003; Foulds et al., 2002). On the other hand, while sam-
pling of particulate Ags was dominated by CD11b+ LS-DCs,
small soluble proteins elicited preferential CD8+ T cell activation,
suggesting enhanced Ag uptake by the deep parenchymal
CD8a+ DCs. These results suggest that specific Ag formulations
can lead to selective targeting of distinct DC subsets that in turnhas a major influence on the downstream adaptive responses
(Kastenmu¨ller et al., 2011; Liu et al., 2014).
Importantly, the described DC subset regionalization is largely
reflective of steady-state LNs. The molecular mechanisms of
DC subset positioning are largely uncharacterized at present,
including those leading to selective enrichment of CD11b+ DCs
in the LS. Interestingly, during the revision of this manuscript, it
was demonstrated that some DCs can reposition following viral
infection but not alum or squalene adjuvant immunization
(Woodruff et al., 2014). Such results point to the need for further
characterization of DC subset positioning after diverse inflam-
matory perturbations.
In conclusion, we report a mechanism of DC immune surveil-
lance involving strategic cellular positioning in lymphoid tissues
that allows for rapid immune alert and activation of adaptive
T cell responses to particulate vaccines and lymph-borne
pathogens.
EXPERIMENTAL PROCEDURES
Mice
Mice were obtained from various sources and maintained in SPF conditions at
an Association for Assessment and Accreditation of Laboratory Animal Care-
accredited animal facility. All procedures were approved by the NIAID Animal
Care and Use Committee (National Institutes of Health). For details on mouse
lines, BM chimera creation, and adoptive transfers, see Supplemental
Information.
Immunizations and Infections
For ear scarification experiments, 5 ml of bead or bacterial solution were
painted epicutaneously and a 28-gauge needle was used to repeatedly
puncture the top epidermal-dermal sheets. For early T cell activation exper-
iments, 1–5 3 107 OVA-Beads, 1 mm FluoSpheres covalently conjugated to
OVA (Sigma-Aldrich), were either f.p. injected or scarification immunized.
For experiments examining T cell clonal expansion and effector differentia-
tion, mice were immunized with OVA-Beads and 25 mg of CpG 1668 (TriLink
Biotechnologies). In some studies, ear pinnae were surgically removed
45–60 min after immunization, with wound sites treated with topical anes-
thetics once daily for 3 days. For LS-DC depletion experiments, Zbtb46-
DTR mice were injected with 0.5 ng diphtheria toxin (EMD Millipore) in
20 ml PBS or PBS alone in contralateral f.p. 1 day prior to immunization.
For P. aeruginosa immunizations, the PAO1 strain (ATCC) was grown over-
night in LB broth and heat-killed at 65C for one hour. 1 3 107 CFUs of
heat-killed bacteria was then delivered intra-dermally to both ears, with
some of the animals having the ears surgically removed 60 min post immu-
nization. One week later, 1 3 107 CFUs of log phase P. aeruginosa were
delivered in a volume of 30 ml into bilateral footpads. Twenty-four hours after
challenge, spleens and dLNs were harvested and serial dilutions performed
on blood agar plates (trypticase soy agar with 5% sheep blood, Thermo Sci-
entific). Plates were incubated at 37C overnight and colonies counted about
18–24 hr later.
Cell Isolation and Flow Cytometry
For phenotypic characterization of LS-DCs, C57BL/6 animals were first s.c. in-
jected in the ear with 1 ml CD45.2-PE antibody in 20 ml PBS and auricular dLNs
were harvested 10min later. In some experiments, mice were injected with 5 ml
0.04 mm yellow-green fluospheres (Invitrogen) in 20 ml PBS with dLNs har-
vested 30 min later, or 5 hr later for studies on CpG induced changes on co-
stimulatory molecules. For DC single cell suspensions, LNs were treated
with 400 U/ml collagenase D (Roche Applied Science) solution for 25–30 min
at 37C with periodic agitation. EDTA (10 mM final concentration) was added
for 1 min and quenched with cold PBS. For T cell suspension, dLNs were har-
vested at various time points and homogenized. Cells were stained with the
indicated antibodies at 4C for 30 min. For analysis of intracellular cytokine
production, T cells were first restimulated with 100 ng/ml phorbol 12-myristateImmunity 42, 172–185, January 20, 2015 ª2015 Elsevier Inc. 183
13-acetate, 1 m/ml ionomycin (Sigma-Aldrich) and 1 ml/ml monensin (Affyme-
trix) in cRPMI media for 4 hr at 37C. Perm/Wash buffer (BD Biosciences)
was used for intracellular cytokine staining. Cell suspensions were acquired
on a LSR-II or LSR Fortessa flow cytometer (BD Biosciences) and analyzed us-
ing FlowJo software (TreeStar).
Imaging Studies
For details on 2-P IVM and confocal histo-cytometry, see Supplemental
Information.
Statistical Analysis
The statistical significance of differences in mean values was analyzed by a
two-tailed Student’s t test. ***p < 0.0001, **p < 0.005, and *p < 0.05.
SUPPLEMENTAL INFORMATION
Supplemental Information includes seven figures, Supplemental Experimental
Procedures, and four movies and can be found with this article online at http://
dx.doi.org/10.1016/j.immuni.2014.12.024.
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